Introduction
The electric (G E ) and magnetic (G M ) form factors of nucleons and nuclei can be accessed via electron scattering at low Q 2 from the object in question. In the case of a nucleon, the scattering cross section is given by the Rosenbluth formula dσ dΩ
where σ Mott is the cross section for scattering from a point nucleon, and τ =Q 2 /4M 2 and ε −1 ={1 + 2(1 + τ )tan 2 θ/2} are kinematic factors. At low Q 2 , τ ≪ 1 and ε ≈ 1, so that the cross section is dominated by G E and is mostly insensitive to G M .
The electric (magnetic) form factor is related to the electric (magnetic) charge 1 contact person: email lmyers@jlab.org Table 1 Charge radii (in fm) for 3 H and 3 He.
Ref.
3 H 3 He SACLAY [10] 1.76 ± 0.09 1.96 ± 0.03
Bates only [8] 1.68 ± 0.03 1.87 ± 0.03 GFMC [12] 1.77 ± 0.01 1.97 ± 0.01
χEFT [11] 1.756 ± 0.006 1.962 ± 0.004 distribution, ρ E(M) , via
where the charge density is assumed to be spherically symmetric, r 2 is the charge radius and higher-order terms have been omitted. By measuring the form factor at low momentum transfer, Q 2 (= −q 2 ), one can extract the charge radius from the slope of the form factor,
The first 3 H/ 3 He(e,e ′ ) measurements were performed nearly fifty years ago at SLAC [1] . Since then, many studies of 3 He [2,3,4,5,6,9,10] and 3 H [7, 8, 9, 10] have been conducted at Q 2 ≤ 1 GeV 2 . The best, and most recent of the 3 H experiments are from Bates [9] and SACLAY [10] , and in both experiments measurements of 3 He were also taken. The extraction of both radii by the Bates group are ∼0.1 fm smaller than the SACLAY group (see Table 1 ), although the Bates fits typically have large values of χ 2 . The SACLAY results are the ones most often cited and so we will use those for the remainder of the proposal.
Measurements of the charge radii for 3 H and 3 He, assuming isospin symmetry, allow for the separation of the proton and neutron radius distributions. The separation is sensitive to differences between the p-p, n-p, and n-n interactions, as well as isospin-dependence in the three-body force. These results, in terms of 3 H and 3 He (or proton and neutron) radii, can be compared against precise ab initio calculations using phenomenological or chiral N-N potentials.
The last measurement of the 3 H charge radius was made twenty years ago. Recent developments in Chiral Effective Field Theory (χEFT) [11] and Greens function Monte Carlo methods (GFMC) [12] , though, have demonstrated that the form factors and charge radii can be calculated extremely accurately. These calculations require testing by even-more-precise experimental results. Table 2 Theoretical calculation and experimental results of rms nuclear charge radii (in fm). Adapted from [12] -for individual references see [10, 13, 14, 15, 16, 17, 18, 19, 20, 21] . The majority of the atomic measurements are isotope shifts which yield the difference in radius between nuclei. These require a single absolute measurement to determine the radius of all of the hydrogen (helium) isotopes. (14) A new measurement of the 3 He charge radius has been made utilizing the isotope shift of spectral lines in Helium [22] that is more than an order of magnitude more precise than the value obtained from the world elastic scattering data [10] (Table 2 ). This measurement (and others like it) rely on a precise extraction of the radius from another technique (e.g. electron scattering) in order for proper normalization. A measurement of the relative 3 H, 3 He radii will allow for a more precise connection between the hydrogen isotope chain and the helium isotope chain.
Theory
2 In addition, a measurement of the electric form factors of 3 H and 3 He, combined with the known 3 He radius, would produce a more precise measure of the 3 H charge radius which could then be compared to theoretical calculations.
Proposed measurement

Kinematics and Equipment
We propose to measure the ratio of the 3 H: 3 He elastic cross section at a beam energy of ∼1.1 GeV. Scattering data at Q 2 = 0.05-0.09 GeV 2 will be obtained by using the left High Resolution Spectrometer (HRS) in Hall A placed at scattering angles of 12.5
• and 15.0
• . The HRS angle is the only variable in the experiment that will be changed. The HRS momentum acceptance (±4%) is large enough to accommodate elastically-scattered electrons at both angles. This reduces the systematic uncertainty in the ratio as well as making the measurement more straightforward. The 3 He and 3 H targets will be the same as the ones used in the approved E12-10-103, E12-11-112, and E12-14-011 experiments ( Fig. 1) [23, 24, 25] , thus eliminating the biggest hurdle to completing the measurement. The target system will comprise five identical aluminum cells each 1.25 cm in diameter, 25 cm long, with entrance/exit window thickness of 0.25/0.5 mm and made of aluminum. Four cells will be filled with 1 H, 2 H, 3 H, and 3 He gas while the fifth cell will be empty. We will employ the 3 H, 3 He and empty target cells for the measurement of the 3 H: 3 He cross section ratio. One gas cell will contain 200 psi of tritium, for a density of ≈3 mg/cm 3 , which corresponds to 1 kCi (considerably less than previous experiments). The 3 He cell will be maintained at approximately 350 psi (also ≈3 mg/cm 3 ). The target thickness of the 3 H cell should be known to about 3%, and the other cells to < 2%. We also plan to collect data from the other gas cells, as well as a carbon target, to obtain additional cross section ratios and relative normalizations to known cross sections.
The only new piece of equipment will be a collimator plate designed to reduce the number of electrons reaching the spectrometer and to match the event rate across the focal plane. Details regarding the dimensions of the collimator plate and the expected count rates are given in the next section.
Extraction of Radius and Corrections
Extracting the relative charge radius from the cross section ratio includes several corrections. First, to extract the electric form factor G E , the magnetic form factor G M must be subtracted (Eq. 1). The ratio τ /ǫ in the reduced cross section is less than 0.3% for both targets, which implies that the contribution from G M (≈ µG E ) to the reduced cross section will be no greater than ∼2%, assuming G M /µ ≈ G E . The magnetic radii have been measured to better than 10% [10] , while calculations quote a much smaller uncertainty [11] . Assuming G M is known to 20% at the relevant Q 2 values, the uncertainty associated with the subtraction of the magnetic contribution is less than 0.4% for both 3 H and 3 He.
The Coulomb interaction effectively increases the momentum transfer by
where R eq is the radius of the nucleus. The relative difference between the effective momentum transfer (Q eff ) and Q is <0.3%. In this experiment, it is expected that the uncertainties arising from the contribution of the Coulomb correction will be well-understood and controlled.
In addition to the Coulomb interaction, two photon exchange (TPE) corrections are also considered. Estimates for the correction in 3 He(e,e ′ ) are ≪ 1% for Q 2 ∼0.05 GeV 2 [26, 27] . Corrections for scattering from 3 H should be comparable and are expected to at least partially cancel in the cross section ratio. It's estimated that the uncertainty from TPE corrections will be < 0.3%.
Rate estimates
The following section summarizes the rate estimates for the proposed experiment as determined from the latest version of MCEEP [28] using form factor parameterizations from [10] .
Using the standard acceptance of the HRS produces a count rate of ∼10(40) kHz from the 3 H( 3 He) target at 5 µA of beam. A similar event rate is also anticipated to arise from the Al windows of the target cell. These rates are unsuitable for the HRS in Hall A. Rather than using large pre-scale factors in the DAQ, a special collimator plate will be installed (see Fig. 2 ). The plate is designed to match the elastic count rate across the collimator while simultaneously keeping the elastic rate from either target below 3 kHz. Count rates for elastic scattering from both 3 He and 3 H are given in Table 3 . These are raw ratesthey do not include cuts, radiative corrections, or detector efficiency. The event rate from the Al windows of the target cells is expected to be comparable to that from 3 H and 3 He (∼2000 Hz at 12.5
• and ∼200 Hz at 15.0
• ). In addition, contributions from quasi-elastic scattering will increase the rates above those listed here. We anticipate a need to pre-scale the HRS triggers by a factor of 4 with the HRS at 12.5
• and a factor of 1 at 15.0 • .
As seen in Fig. 3 , the contributions from the windows can be dramatically reduced by placing a cut on the vertex position at ±10 cm along the beamline. This cut reduces the count rates from the windows to ∼0, while the rates for 3 H and 3 He shown in Table 3 are reduced by ∼15%. Even so, we plan to take data on the empty target to subtract any stray events that might survive the vertex cut during the experimental running.
Additional MCEEP simulations indicate that energy losses and radiative corrections may reduce the elastic count rate by ∼20%. Including this reduction, as well as the reduction in the elastic rate due to the pre-scale factor, a 20% reduction due to deadtime and 10% loss due to other effects, the event rate for 3 H in each bin would still be ∼20 Hz. Using this conservative estimate, one hour of beam on target would produce nearly 10 5 counts per bin. Given that the dominant source of background comes from the target-cell windows, and this background can be managed, the statistical uncertainty should be less than the systematic uncertainty arising from the target thickness.
The final experimental uncertainty is due to sources which impact the cross section ratio as well as those which impact the extraction of the G E ratio. The major source of uncertainty is expected to be the 3 H thickness arising from the target pressure. Current estimates place this uncertainty at ∼3%. However, the E12-10-103 experiment will use low-x, deep inelastic scattering data to better constrain the relative target thicknesses. The projected uncertainty in the relative target thickness is 1.5-2%.
Due to the high count rates, we also propose to collect data from the 2 H and 1 H targets as well as a 12 C foil during the beam time. The data from the 12 C and 1 H targets will serve as a check of the absolute normalization of the experiment. The 2 H and 1 H targets require little overheard or additional beam time and will provide additional comparisons to 3 H and 3 He. All isotopes will be measured relative to 12 C which is well-known and, if necessary, will allow for absolute cross sections to be extracted. Since this unique target system will only be available to Jefferson Lab for a short time, this may be the only opportunity to collect data from all three hydrogen isotopes and 3 He in the same setup.
Anticipated Results
The anticipated uncertainties in the 3 H: 3 He ratio are given in Table 4 . In addition to the experimental uncertainties, the uncertainties from the corrections that are needed to extract the ratio of the charge radii are also tabulated. A total uncertainty of 2% is expected for the 3 H: 3 He form factor ratio. Fig. 4 . Anticipated results of the 3 H: 3 He form factor ratio assuming that G E has a dipole form. The small error bars represent the statistical uncertainty, and the large are the total uncertainty of 2.2%. The red curve represents the fit to the data assuming the charge radii reported in Amroun et al.. The blue curves are the calculated ratio assuming that the 3 H charge radius is varied by ±0.03 fm.
The expected results are shown in Fig. 4 . These data points were generated by assuming that the form factor of both nuclei has a dipole form and using values of r 2 3 He = 1.96 fm and r 2 3 H = 1.76 fm. To investigate the sensitivity to the 3 H radius, the 3 He radius was held fixed (as it is well-known through isotopic shifts measurements) and the 3 H radius was varied by ±0.03 fm.
Additional uncertainty in the extraction of the charge radius can come from the model-dependence of the form factor. To reduce this uncertainty, the highstatistics nature of the data can be exploited to distinguish between various functional forms of G E using the behavior of the form factor ratio as a function of Q 2 . As seen in Fig. 5 , the ratios, relative to the minimum Q 2 point, can be measured without the large systematic uncertainty arising from the target thickness. The lines shown represent the best fit to the data assuming the G E has a dipole (red) and monopole (magenta) functional form. In this way, data over the full range of Q 2 will reduce the uncertainty due to the modeling of the form factors.
At present, R3 He -R3 H = 0.20±0.10 fm [10] . A 2% measure of the relative cross section yields an uncertainty in R3 He -R3 H of ±0.03 fm. Therefore, we anticipate improving the uncertainty in difference of the radii by more than a factor of three. Fig. 4 largely cancel here. The data are generated by assuming that G E is of a dipole form (red line). The best fit using a monopole form for G E (magenta) clearly does not match the data trend. It is expected that this type of analysis will constrain the acceptable forms for G E hence reducing the model uncertainty.
Beamtime request
We request one and a half PAC days of beam time to make the proposed elastic scattering measurement. As seasoned users of Jefferson Lab, we fully appropriate that a very short experiment can get squeezed by unforeseen events. Never the less, we envision working with the physics division liaison and accelerator program deputy to find a period of time that maximizes our likelihood for a successful short run. In particular, we would likely try to start setting up our experiment during an accelerator beam study.
In this scenario, the start of the beam study would give us time to access the Hall and get the spectrometer to 12.5
• and install our special external sieve while accelerator is doing other work. At the end of the accelerator's beam study, the machine could be scaled to 1.1 GeV (a process that take of order a shift) and we would start our measurements. This assumes that calibration of the beam charge monitor (BCM) and position monitor (BPM) have been completed by the E12-10-103 and/or E12-11-112 experiments (which will run at ∼25 µA), thus reducing our overhead. 1 Movement of the spectrometer will require a special access due to the proximity of the HRS to the beam line and the presence of the 3 H target.
The breakdown of our beam time request is given in Table 5 . We allow 4 hours for the accelerator to scale down the beam energy to 1.1 GeV. Two hours assigned for BCM calibration at 5 µA and luminosity studies. Four hours are intended to study the optics and acceptance of the HRS at each kinematic setting using the sieve and the new collimator. Another two hours are allotted to move the spectrometer from 12.5
• to 15.0 • . Furthermore, target changes are assumed to take a total of two hours. This brings the total overhead time to ∼18 hours. Eighteen more hours (1.5 hours per target per kinematic setting) are required to obtain the necessary scattering data. In total, we are requesting 1.5 PAC days for these measurements.
Relation to Other Experiments
The Low Energy Deuteron Experiments (LEDEX) at Jefferson Lab (E05-004, E05-103) collected elastic data from a variety of nuclei -2 H 6 Li, 12 C, Ta -at Q 2 <0.1 GeV 2 . Nuclear radii are being extracted from these data. As mentioned previously, this experiment will use the same target as the approved E12-10-103, E12-11-112, and E12-14-011 experiments.
